The resistances of the horizontal cell syncytium in the vertebrate retina are modulated in a time-dependent fashion during light stimulation. Therefore, the spatial properties of horizontal cells are expected to change with time after the illumination conditions are altered. This study was designed to investigate time-and intensity-dependent changes in the receptive-field properties of L1-type horizontal cells in the turtle Mauremys caspica. Photoresponses were elicited by monochromatic (650 nm) light stimuli of 2-s duration covering retinal spots of different radii. The length constants were derived from the relationships between amplitude and spot radius that were constructed for different time intervals after onset of the light stimulus. For a given stimulus intensity, the length constant transiently increased to a peak value and then slowly recovered to a plateau level. When the length constant was compared to the amplitude of the response to full-field illumination for the entire duration of the light stimulus, an ellipse-like curve was obtained indicating that for a given membrane potential, two different values of the length constant could be obtained. Dopamine considerably reduced the size of the receptive fields but did not affect the time-dependent changes in the length constant. These results indicate that changes in the membrane resistance underlie short-term modulation of the receptive-field properties of turtle L1-type horizontal cells after onset of a light stimulus.
Introduction
Spatial information processing by the visual system of coldblooded vertebrates starts in the outer plexiform layer of the retina. Here, chemical and electrical synapses between cone photoreceptors, horizontal cells, and bipolar cells underlie the center-surround organization of the receptive fields of bipolar cells (Dowling, 1987) . One of the key elements of this neural circuitry is the horizontal cell syncytium that forms the surround response of the bipolar cells (Marchiafava, 1978; Toyoda & Kujiroka, 1982; Ammermüller et al., 1993) and of ganglion cells (Naka & Nye, 1971; Naka & Witkovsky, 1972) . Thus, changes in the spatial properties of the horizontal cell layer are expected to modify the light-evoked activity of bipolar cells and ganglion cells (Vigh & Witkovsky, 1999) .
The receptive-field size of horizontal cells depends directly upon the input resistance of the cells and inversely upon the coupling resistance between the cells (Lamb & Simon, 1976; Owen & Hare, 1989; Lankheet et al., 1990 ). Therefore, when the level of illumination is raised and the rate of release of glutamate by the photoreceptors decreases, the resistance of the horizontal cells increases and the receptive-field size is expected to increase. This prediction was supported by studies in turtle and fish retinas showing a direct relationship between the receptive-field size (length constant) of L-type horizontal cells and the intensity of the light stimulus used to measure it (Lamb & Simon, 1976; Byzov & Shura-Bura, 1983; Perlman et al., 1985; Perlman & Ammermüller, 1994; Kamermans et al., 1996; Pottek et al., 1997) . However, horizontal cells also possess a variety of voltage-and timedependent ionic conductances in the nonsynaptic membrane (Malchow et al., 1990; Lasater, 1991; Golard et al., 1992) that are activated at the later stages of the horizontal cell photoresponse (Byzov & Shura-Bura, 1983 ) and can alter the membrane resistance. Therefore, the receptive-field size of horizontal cells is expected to depend also upon time following a change in the level of ambient illumination.
The spatial properties of the horizontal cell syncytium also reflect the conductance of the gap junctions between the cells. These can be modulated by the composition of the intracellular and extracellular milieu, for example, Ca 2ϩ and pH (DeVries & Schwartz, 1989; Hampson et al., 1994; McMahon & Matteson, 1996) , or by chemicals released from retinal cells, for example, dopamine (Negishi & Drujan, 1979; Teranishi et al., 1983; Piccolino et al., 1984; Mangel & Dowling, 1985; Shigematsu & Yamada, 1988; Dong & McReynolds, 1991; Perlman & Ammermüller, 1994) , nitric oxide (Miyachi et al., 1990; Pottek et al., 1997) , and retinoic acid (Weiler et al., 1999; Pottek & Weiler, 2000) . Thus, the overall changes in the spatial properties of retinal horizontal cells are probably a complex function of time and light intensity. These functions may differ between species depending upon the relative contributions of the different mechanisms and their temporal properties.
The goal of this study was to determine time-and intensitydependent changes in the receptive-field properties of L1-type horizontal cells in the turtle retina. The length constant was derived from the photoresponses that were elicited by concentric light stimuli of fixed intensity and different radii. The length constant was calculated at different time intervals after stimulus onset from the amplitude-radius relationships, and was then compared to membrane potential and to time for a given light stimulus. The effects of dopamine on time-and intensity-dependent changes of the length constant were studied. We found complex time-and intensity-dependent changes in the spatial properties of the L1-type horizontal cells that probably reflected the interplay between glutamate-gated channels in the synaptic membrane and time-and voltage-dependent ionic channels in the nonsynaptic membrane.
Materials and methods

Preparation
The experiments were performed in the everted eyecup preparation (Normann et al., 1986) of the turtle Mauremys caspica. The turtle was placed in ice until its head became flaccid and was then killed by decapitation with a guillotine in accordance with institutional guidelines for treatment of laboratory animals. One eye was enucleated, hemisected with a razor blade, and the anterior part was discarded. The vitreous was removed from the posterior part of the eye and the eyecup was everted on top of a balsa wood dome and transferred to the recording chamber. The preparation was continuously superfused (0.6 ml0min) with turtle Ringer solution of the following composition (in mM): NaCl 110, KCl 2.5, CaCl 2 2, MgCl 2 2, NaHCO 3 20, and D-Glucose 10. In some of the experiments, dopamine was added to the normal solution at a concentration of 500 mM and ascorbic acid at a similar concentration was added to prevent oxidation of the solution. The solutions were continuously bubbled with a mixture of 95% O 2 05% CO 2 in order to keep the pH in the range of 7.4-7.5.
Data acquisition
The membrane potential of horizontal cells was monitored intracellularly with microelectrodes that were pulled (Sutter P80, Novato, CA) from glass capillaries and filled with 3 M potassium acetate solution. The electrodes had resistances of 100-300 MV. The signal from the microelectrode was amplified (Almost Perfect Electronics, Switzerland), monitored on a paper recorder (Gould, Valley View, OH), and sampled by a computer equipped with a data acquisition board (Scientific Solutions, Solon, OH). A computer program that was written locally controlled data acquisition.
The photostimulation system consisted of two beams originating from one light source (tungsten-halogen, 250 W). The intensity and spectral content of each light beam were separately controlled by sets of neutral density and narrowband interference filters. The spatial pattern of the light stimuli was determined by a set of circular apertures of different diameters. The duration of the light stimuli and the intervals between consecutive stimuli were controlled by the data acquisition program that operated an electronic shutter (Vincent Scientific, Rochester, NY). The intensity of the light was measured with a pin 10 photodiode (United Detector Technology, Hawthorne, CA) and calculated in photons0s0mm 2 . L1-type horizontal cells were identified according to criteria that had been established by previous studies (Fuortes & Simon, 1974; Lamb, 1976; Itzhaki & Perlman, 1984; Asi & Perlman, 1998) . All recordings were done from the dark-adapted retina (no background illumination) using monochromatic (650 nm) light stimuli.
Assessment of receptive-field size
We used the length constant as a quantitative measure of the size of horizontal cells' receptive fields. Different experimental procedures and computational models have been used in the past to derive the length constant of retinal neurons (Copenhagen & Owen, 1976; Lamb, 1976; Detwiler et al., 1980; Owen & Hare, 1989; Lankheet et al., 1990; Kamermans et al., 1996) . In these studies, the mathematical definition of the length constant and its relationship to the receptive-field size and to the properties of the horizontal cell syncytium vary . However, it is generally accepted that the length constant can be used as a quantitative measure of the receptive-field size. The length constant is directly related to the membrane resistance of the horizontal cells and inversely related to the coupling resistance between horizontal cells (Copenhagen & Owen, 1976; Lamb, 1976; Owen & Hare, 1989; Lankheet et al., 1990; Kamermans et al., 1996) .
We derived the length constant from photoresponses that were elicited by concentrically arranged, monochromatic light stimuli of constant wavelength (650 nm) and intensity but different sizes (3.8, 3.0, 2.2, 1.24, 0.73, 0.51, and 0.26 mm in diameter). Therefore, when the microelectrode was lowered towards the retina, we used spot illumination of small diameter (0.26 mm) and used a binocular microscope to aim the tip of the microelectrode at the center of this spot. The relationship between amplitude of the photoresponse and the radius of the illuminated retinal area was fit to a modified exponential equation (Owen & Hare, 1989) .
(1)
V r and V ff are the amplitudes of the photoresponses elicited by light stimuli that illuminate a retinal area of radius r or full-field illumination, respectively, and l is the length constant. Eqn.
(1) applies to steady-state conditions in which there are no time-dependent changes in membrane potential. This is not the case for the experiments that will be described here. The goal of this research was to study time-dependent changes in the receptivefield properties of turtle horizontal cells, and therefore the length constant was derived for different time intervals after onset of a light stimulus. In some parts of the photoresponses, the membrane
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potential changed with time (ON-and OFF-phases) while during the plateau phase it was relatively constant. Therefore, we marked the length constant that was derived from eqn.
(1) by L to separate it from the conventional symbol l. Despite these limitations, the parameter L can be used as a measure of the receptive field and depends directly upon membrane resistance and inversely upon the coupling resistance.
Results
Length constant at peak response
In the retina of the turtle Pseudemys scripta elegans, the length constant of L-type horizontal cells is directly related to the intensity of the stimulus used to measure it (Lamb, 1976; Perlman et al., 1985; Perlman & Ammermüller, 1994) . To test this phenomenon for the turtle Mauremys caspica, L1-type horizontal cells were stimulated with 650-nm light stimuli of short duration (50 ms) that covered retinal areas of different radii. The length constant was derived for a given light intensity from the relationship between peak response amplitude and spot radius as shown in Fig. 1 for one L1-horizontal cell. This cell was studied with eight different intensities of 650-nm light stimuli. The amplitude-radius relationships for five of these intensities spanning a range of about 2.7 log units are shown in Fig. 1A . The data points for each series of photoresponses were fitted to eqn.
(1) (continuous curves in Fig. 1A ) in order to derive the length constant and the peak amplitude of the response to full-field stimulation.
The relationship between the length constant and the peak amplitude of the photoresponse to full-field illumination is a common approach to describe the dependency of the receptivefield size upon light intensity (Perlman et al., 1985; Perlman & Ammermüller, 1994; Pottek et al., 1997) . This relationship for the L1-horizontal cell of Fig. 1A is shown in Fig. 1B for all eight light intensities. For light stimuli of dim to moderate intensity that elicited photoresponses of less than 30 mV in peak amplitude, the length constant was directly related to the amplitude of the fullfield photoresponse in agreement with previous reports for the turtle Pseudemys scripta elegans (Lamb, 1976; Perlman et al., 1985; Perlman & Ammermüller, 1994) and for the carp (Pottek et al., 1997) . This direct relationship is consistent with the notion that the amplitude of the photoresponse is directly related to the stimulus intensity (Normann & Perlman, 1990) and is associated with an increase in membrane resistance due to closure of glutamategated channels in the synaptic membrane of the horizontal cells. However, when the intensity of the light stimuli was further increased to elicit photoresponses of larger peak amplitudes, the length constant was inversely related to the amplitude of the photoresponse elicited by full-field stimulation (Fig. 1B) . With the brightest light (peak amplitude close to 50 mV), the length constant was smaller than the one measured with the dimmest light stimulus (peak amplitude of 4 mV). This observation indicates that with very bright light stimuli, the resistance of the horizontal cells decreases and0or the coupling resistance between horizontal cells increases.
Experiments, like the one shown in Fig. 1 , were conducted in 11 L1-type horizontal cells in different eyecup preparations. To compare the different L1-type horizontal cells, we normalized the peak amplitude to full-field stimulation to the maximum response of the same cell. The relationship between the length constant and the normalized amplitude of the response to full-field stimulation is shown in Fig. 2 for 11 L1-type horizontal cells (open circles).
Despite the scatter of the data points, it is evident that for responses of amplitude smaller than half-maximal response, the length constant was directly related to the amplitude of the full-field response. With bright light stimuli, that elicited larger full-field responses, the length constant decreased as response amplitude increased. To test whether this phenomenon was unique to L1-type horizontal cells in the turtle Mauremys caspica, we measured the length constants for five L1-type horizontal cells in the retina of the turtle Pseudemys scripta elegans. In these cells, the length constant was directly related to the normalized amplitude of the full-field photoresponse over a range of about 0.9 V max (filled circles in Fig. 2 ) as had been previously reported (Lamb, 1976; Perlman et al., 1985; Perlman & Ammermüller, 1994) . Thus, L1-type horizontal cells in the turtle Mauremys caspica differ from those in Pseudemys scripta elegans in their spatial properties. In both species, as in other vertebrate retinas, the resistance of the synaptic region of L-type horizontal cells is expected to monotonically increase as the intensity of the light stimulus is increased because the rate of transmitter release is reduced. Therefore, the differences in the spatial properties of the L1-type horizontal cells 2 ). The data points were fitted to eqn.
(1) using a least-mean-square minimizing routine (continuous curves) in order to derive the peak response amplitude to full-field illumination and the length constant. (B) The relationship between the length constant and the response amplitude to full-field illumination for eight different light intensities studied in the same L1-type horizontal cell.
between the two species of turtles can reflect differences in voltage-and time-dependent ionic conductances in the nonsynaptic membrane and0or in the coupling resistance between horizontal cells.
Length constant dependency upon time and amplitude
The data in Figs. 1 and 2 indicate that the length constants of L1-type horizontal cells in the retina of the turtle Mauremys caspica are related to the peak amplitude of the photoresponses to full-field stimulation in a complex manner. Since the peaks of the photoresponses occur at different implicit times, depending upon stimulus intensity (Yamada et al., 1985) , the relationship between the length constant and the peak amplitude of the photoresponse can reflect contributions of time-dependent biophysical processes that modulate the resistances in the horizontal cell network. To reveal the dynamic changes in the receptive fields of L1-type horizontal cells, we used 650-nm light stimuli of 2-s duration. Fig. 3 shows a series of photoresponses that were elicited by full-field (3.8 mm in diameter) light stimuli of different intensities. Dim light stimuli induced a slow rate of hyperpolarization to a plateau level that was reached within 300-500 ms after stimulus onset. When moderate and bright light stimuli were used, the horizontal cell hyperpolarized at a fast rate to reach a peak value within 150-200 ms after stimulus onset and then gradually recovered to a plateau that was reached about 1500-2000 ms after stimulus onset (Fig. 3A) . The rate of hyperpolarization after stimulus onset (ON-phase) increased and the latent period (time to beginning of hyperpolarization) decreased as the intensity of the stimulus was increased (Fig. 3B ). With the brightest stimulus used (log I ϭ 6.8 photons0s0mm
2 ), the latent period was about 30 ms and the time to peak about 150 ms.
To derive the time-dependent changes in the length constant following the onset of a light step and their relationships to membrane potential, we used 2-s light stimuli of fixed intensity and different radii as shown in Fig. 4 for one L1-horizontal cell. Two series of photoresponses are shown; one series was obtained by dim (log I ϭ 3.4 photons0s0mm
2 ) and the other by bright (log I ϭ 5.3 photons0s0mm
2 ) 650-nm light stimuli (A and B, respectively). In each series of photoresponses, reducing the diameter of the illuminated retinal area caused a reduction in response amplitude. However, when the first 300 ms of the photoresponses were examined, the effects of reducing the spot size appeared to be time dependent and to differ for different phases of the photoresponses (Figs. 4C & 4D) . For the series of dim light intensity, the reduction in response amplitude is similar throughout the entire time course of the photoresponse (Fig. 4C) . However, in the responses that were elicited by the bright light stimuli, the peak response (arrowhead) decreased more than did the later phase (arrow) as the spot size was reduced (Fig. 4D) . At the 170-ms mark (arrowhead), the amplitude was reduced already for the second largest light stimulus, while at the 210-ms mark (arrow), the amplitude was similar for the first three spot sizes and was reduced only when the fourth largest spot was used. Similar differential effect of a small spot stimulus on the peak and steady-state potentials was found in rod of the turtle (Chelydra serpentina) retina and was interpreted to indicate that the receptive-field size was larger at the peak of the response compared to its plateau (Detwiler et al., 1980) .
To describe the time-dependent changes in the size of horizontal cells' receptive fields in a quantitative manner, we measured the amplitudes of the photoresponses, elicited by different spot sizes but constant intensity, at different time intervals after stimulus . To compare cells studied in different preparations, the peak amplitude to full-field stimulation was normalized to the maximum response amplitude of that cell. Each cell was studied with several light intensities. 
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onset and plotted them as a function of spot radius. The amplituderadius curves for different time intervals were fitted to eqn.
(1) in order to derive the length constant (L) and the response amplitude (at that time) to full-field illumination. Then, the length constant was plotted as a function of time after onset of the step of light as shown in Fig. 5 for one L1-type horizontal cell. This cell was studied with five different light intensities covering a range of 1.8 log units. Time-dependent changes in the length constant are shown for the entire period of the light stimuli (A), for the first 250 ms (B), and for the last 250 ms (C). For all light intensities, the length constant monotonically increased with time after stimulus onset to reach a peak value and then gradually decreased to a plateau level that was reached within 300 ms. The magnitude of the length constant at the plateau phase was similar or even smaller than the baseline value that was measured at the beginning of the photoresponse. It should be noted that the value of the length constant reached a steady-state level before the membrane potential stabilized at the plateau phase (compare Fig. 5 and Fig. 3 ). After termination of the light stimulus (arrow in Fig. 5C ), the length constant initially reduced below the plateau value and then increased to approach the dark-adapted level. Similar results were obtained from 11 L1-type horizontal cells that were studied with this procedure. Qualitatively similar time-dependent changes in the length constant were noted before in the turtle Pseudemys scripta elegans (Byzov & Shura-Bura, 1983) , in goldfish , and in cat (Lankheet et al., 1990) . Also in turtle rods, the length constant was doubled in value when measured shortly after stimulus onset compared to that measured at a long time interval (Detwiler et al., 1980) . The initial time-dependent rise in the length constant is similar for all intensities used here (Fig. 5B) , probably reflecting the increase in the resistance of the synaptic membrane of the horizontal cells due to removal of neurotransmitter from the synaptic cleft and closure of cationic channels. However, the rise in the length constant did not follow the hyperpolarizing ON-phase of the photoresponses. To compare these two maximum values, the time at which the photoresponses reached their peak amplitudes are marked by arrows in Fig. 5B . In general, the length constant achieved its maximum value before the photoresponse reached its peak amplitude. This is most apparent in the responses to bright light stimuli. With the brightest stimulus used here (Fig. 5, open  triangles) , the maximum value of the length constant preceded the peak response by about 50 ms.
The data in Fig. 5 clearly indicate that the length constant of turtle L1-type horizontal cells depends upon light intensity (response amplitude) and time. For all the light stimuli shown in Fig. 5 , the temporal changes of the length constant are similar. Immediately after light onset, the length constant increases to a peak value and then recovers to a plateau level that is maintained for the entire period of illumination. This temporal pattern is quantitatively similar to that of the membrane potential during light stimulation (Fig. 3) , and therefore the relationship between the length constant and membrane potential may be similar for different time intervals after changing the level of illumination. To test this possibility, we plotted the length constant as a function of response amplitude to full-field illumination for different time intervals after stimulus onset. These relationships for the L1-type horizontal cell of Fig. 5 are shown in Fig. 6 for five time intervals. Since the amplitude of the maximum response differed for each time interval after stimulus onset, we also plotted the length constant as a function of the normalized amplitude (Fig. 6B) .
The relationship between the length constant and response amplitude to full-field illumination is composed of two parts: a direct dependency and an inverse one. The relative contribution of each type of correlation depends upon the time of measurement. For short time intervals (70 and 130 ms) that are within the hyperpolarizing phase (ON-phase) of the photoresponses, the direct relationship between the length constant and response amplitude extends to about 0.5-0.7 of the maximum response amplitude (open and filled circles). However, for longer time intervals (230, 500, and 2000 ms), the inverse relationship between the length constant and amplitude dominates and is evident throughout the entire amplitude range. Since the relationship between the length constant and membrane potential is of different pattern depending upon time of measurement, the possibility that changes in the length constant simply follow the changes in membrane potential can be excluded.
When the length constant curves, shown in Fig. 6B , were extrapolated towards zero amplitude~y-axis), they all approached a similar value-about 300 mm. Similarly, a common value of about 200 mm was obtained for the length constant when the curves were extrapolated toward maximum amplitude (normalized amplitude ϭ 1). Thus, with very dim or very bright stimuli, negligible time-dependent changes in the length constant are expected. A very dim stimulus induces negligible changes in the membrane resistance and therefore the length constant is expected to be time-independent throughout the entire period of illumination. With a very bright stimulus that elicits a saturating photoresponse, all resistance changes are probably activated to saturating levels within a short time and therefore, no further time-dependent changes in the length constant are expected.
The data in Fig. 6 indicate that the length constant and membrane potential are not related in a simple manner. For different time intervals after stimulus onset, the relationship between the length constant and response amplitude to full-field illumination differs. Thus, we expect that for a given light stimulus, the dependency of the length constant upon response amplitude during 2 ). The length constants were derived from amplitude-spot radius relationships that were measured at different time intervals after stimulus onset and fitted to eqn. (1). The entire duration of the light stimuli is shown in (A), the first 250 ms in (B), and the last 250 ms in (C). The times of peak amplitudes are denoted in part (B) by open and filled arrows. An arrow denotes onset and termination of the light stimuli in (A) and (C), respectively. 
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full-field illumination will not be described by a unique relationship. To test this prediction, we plotted the length constant as a function of response amplitude for full-field illumination for the entire time course of the photoresponse. In Fig. 7 , the length constants of one L1-type horizontal cell are plotted as a function of amplitude to full-field stimulation for the entire time course of five photoresponses of different intensities. The relationship between the length constant and response amplitude for a given light stimulus is represented by an ellipse-like curve that develops in a clockwise direction. Shortly after turning on the light stimulus, the length constant starts to increase until a maximal value is reached. Then, the length constant decreases, but to a larger extent than expected from the response amplitude. After the stimulus is turned off (arrow), the length constant first decreases and then gradually returns to its initial value. Thus, for a given value of amplitude, the length constant can assume two different values during the same photoresponse depending upon time of measurement. When all the light stimuli that were used to construct Fig. 7 are considered, it is clear that the length constant depends upon the degree of perturbation in the membrane potential (response amplitude) and time. For instance, for a 20-mV amplitude (vertical dotted line in Fig. 7) , the length constant can attain any value between 160 mm and 380 mm depending upon the intensity of the light stimulus and time of measurement after stimulus onset. Thus, the length constant of turtle horizontal cells cannot be described by a unique relationship to membrane potential.
Simulation of the horizontal cell syncytium
The observations in Figs. 5-7 clearly indicate that the receptive fields of L1-type horizontal cells in the retina of the turtle Mauremys caspica change in a complex manner as a function of light intensity and time. The simplest explanation to finding this is a delay between potential change and resistance change in the horizontal cells due to the time constant of the horizontal cells' membrane (Kamermans et al., , 2001 ). To test this possibility, we simulated the horizontal cell layer using the linear continuum model (Naka & Rushton, 1967; Benda et al., 2001 ) and calculated the relationship between the length constant and the membrane potential for different values of membrane time constant as shown in Fig. 8 . For simplicity, we assumed that the increase in the membrane resistance of the horizontal cells after raising the level of illumination was relatively fast to reach a peak value that was followed by a recovery to a steady state. The recovery of the horizontal cell's resistance during continuous illumination reflects the recovery of the cones' potential (Normann & Perlman, 1979a) and the activation of negative feedback pathways (Verweij et al., Fig. 7 . The relationship between the length constant and the response amplitude to full-field illumination is described for the entire duration (2 s) of 650-nm light stimuli of different intensities. Each ellipse-like curve describes one light stimulus, the intensity of which is given in the inset in log photons0s0mm 2 . Arrows denote terminations of the light stimuli. Fig. 8 . Length constants computed from linear continuum model (Naka & Rushton, 1967; Benda et al., 2001) . (A) Time course of different input functions E~t ! that were derived to obtain the same photoresponse V~t ! using different values for membrane time constant. The larger the membrane time constant, the larger is the deviation of V~t ! from E~t !. At the plateau phase, V~t ! reaches the value of E~t !. (B) The relationship between the computed length constant (computed from resistance values) and the photoresponse amplitude @V~t !# to full-field illumination for different membrane time constants. The curves describe simulated results for one stimulus intensity. The ellipse-like curve develops with time after stimulus onset in a counter clockwise direction (arrow). (C) The relationship between the computed length constant and response amplitude to full-filed illumination for different stimulus intensities. A fixed membrane time constant of 10 ms was used. The ellipse-like curves develop along a counter clockwise direction (arrow).
1996; Kamermans & Spekreijse, 1999) . The resistance change in the horizontal cell is associated with a change in membrane potential E~t !. However, the measured potential, V~t !, develops at a slower rate compared to E~t ! because of the membrane time constant. Only during the plateau phase of the photoresponse are the measured and expected potentials equal~V`ϭ E`!. Since the temporal properties of V~t ! are known (the measured photoresponse), we derived the function of E~t ! for different values of membrane time constant (t) in order to obtain the same V~t ! as shown in Fig. 8A . The larger the time constant the bigger is the deviation of V~t ! from E~t !. Fig. 8B shows the simulated relationships between the length constant and membrane potential @V~t !# for different membrane time constants for a light stimulus of fixed intensity that elicits a photoresponse with plateau potential~E`! of 20 mV. For each membrane time constant, an ellipse-like curve was obtained indicating that two different values for the length constant could be derived for the same membrane potential depending upon the time of measurement. The width of the ellipse depends upon the membrane time constant; the larger the time constant the wider is the curve. When the membrane time constant was fixed (t ϭ 10 ms) but the intensity of the light stimulus was changed, a family of ellipse-like curves was obtained as shown in Fig. 8C . The curves are characterized by different widths depending upon the intensity of the stimulus (response amplitude). For a given response amplitude, the length constant can assume a wide range of values depending upon stimulus intensity and time of measurement. Thus, the simulated data in Fig. 8 are very similar to our experimental observations but for one significant difference. The measured curves (Fig. 7) develop in a clockwise direction while the simulated curves develop in a counter clockwise direction (arrows in Figs. 8B & 8C) . Therefore, the membrane time constant cannot explain the experimentally derived ellipse-like relationships between the length constant and response amplitude.
Effects of dopamine upon time-dependent changes in the length constant
Another possible explanation to the ellipse-like curves shown in Fig. 7 is a time-dependent reduction in the conductance of the gap junctions between adjacent horizontal cells. To test for this possibility, we superfused the turtle eyecup with a solution containing dopamine that had been shown to reduce cellular coupling between turtle horizontal cells (Piccolino et al., 1984; Perlman & Ammermüller, 1994; Ammermüller et al., 1995) . In the presence of dopamine, the photoresponses elicited by light stimuli of full-field illumination were very similar to those recorded under normal conditions (not shown here), indicating that in the turtle, Mauremys caspica, dopamine did not change the responsiveness of the L1-type horizontal cells to light stimuli. This observation is in agreement with previous reports on the turtle Pseudemys scripta elegans (Piccolino et al., 1984; Perlman & Ammermüller, 1994) but differs from those reported for the carp and white perch retinas (Mangel & Dowling, 1985; Yang et al., 1988) . In the latter, dopamine modulated the interactions between glutamate and its postsynaptic receptors (Knapp & Dowling, 1987; Knapp et al., 1990) , and therefore altered the amplitude and temporal properties of the photoresponses.
Time-and intensity-dependent changes in the length constant were studied in six L1-type horizontal cells and compared between control conditions and superfusion with dopamine solution (500 mM). The results for one L1-horizontal cell are shown in Figs. 9 and 10. In Fig. 9 , the temporal properties of the length constant during 2-s light stimuli are described for three different light intensities. Time-dependent changes in the length constant are qualitatively similar in control conditions and during superfusion with dopamine solution (open and filled symbols, respectively). The length constant initially increases to a peak value that is reached within the first 200 ms after stimulus onset and then gradually decreases towards a plateau level. However, for any given light intensity, the length constant is smaller when measured in the presence of dopamine compared to the control conditions during the entire time course of the photoresponse. This difference is consistent with the known effects of dopamine upon the size of the receptive fields of retinal horizontal cells.
The effects of dopamine upon the temporal properties of the receptive field size during light steps of different intensities are also evident in Fig. 10 . In this figure, the relationship between the length constant and response amplitude to full-field illumination are compared between control conditions and dopamine superfusion (open and filled circles, respectively) for two light stimuli of different intensities (A & B). Under both conditions, the length constant cannot be directly related to response amplitude. For a 
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given value of amplitude in a given stimulus, the length constant is larger during the ON-phase compared to the plateau or OFFphases. Thus, dopamine did not alter the shape of the curves relating the length constant to membrane potential or their course of development (clockwise fashion). The only effect of dopamine was to reduce the value of the length constant for a given time in a given stimulus.
Discussion
The results presented here indicate that lateral spread of electrical signals in the horizontal cell layer of the turtle Mauremys caspica is a complex function of light intensity and time. Time-dependent changes in the receptive fields of horizontal cells have also been noted before in horizontal cells of the turtle Pseudemys scripta elegans (Byzov & Shura-Bura, 1983) , the goldfish , and the cat (Lankheet et al., 1990) . Also in turtle (Chelydra serpentina) rod photoreceptors, the length constant was found to be larger when measured during the peak of the photoresponse compared to its value during the plateau phase (Detwiler et al., 1980) . Therefore, it is suggested that the syncytia of neurons in the distal retina of vertebrates and probably also in other loci along the visual system exhibit time-dependent changes during neuronal activity.
The time-and intensity-dependent changes in the receptivefield size of the horizontal cells cannot reflect changes in the receptive fields of the photoreceptors because the dimensions of the latter are considerably smaller compared to those of the horizontal cells (about 0.2 mm compared to 3-4 mm in diameter). Thus, resistance changes in the horizontal cell syncytium probably underlie the dynamic changes in the horizontal cell receptive field. Three different resistances need to be considered when the effects of light intensity and time upon receptive-field size are studied:
1. The resistance of the synaptic membrane of the horizontal cells that depends upon glutamate-gated ionic channels.
2. The resistance of the nonsynaptic membrane of the horizontal cells that reflects the activation of time-and voltagedependent ionic conductances.
3. The coupling resistance that depends upon the conductance of the gap junctions between adjacent horizontal cells.
When a light stimulus is turned on, these resistances change in different directions (increase or decrease) along different time courses giving rise to complex time-dependent changes in the receptive-field size. When a light stimulus is turned on, the rate of glutamate release from the cone photoreceptors is reduced (Cervetto & Piccolino, 1974) and the resistance of the synaptic region in the horizontal cells increases. With continuous illumination, several mechanisms are activated:
1. Light adaptation of the phototransduction process in the cone outer segments causes partial recovery of the cone membrane potential towards the dark-adapted level (Pugh & Lamb, 1990; Koutalos & Yau, 1996) .
2. The negative feedback pathways from the horizontal cells onto cones shift the voltage dependency of the calcium currents in the cone pedicles to more hyperpolarized potentials (Verweij et al., 1996; Kamermans & Spekreijse, 1999) , thus, increasing calcium influx for a given cone potential.
3. The affinity of glutamate to its postsynaptic receptors may increase when the concentration of glutamate in the synaptic cleft decreases (Normann & Perlman, 1979b) .
These three mechanisms will decrease the resistance of the synaptic membrane of the horizontal cells during continuous illumination with light of fixed intensity. Therefore, when only time-dependent changes in the resistance of the synaptic membrane of horizontal cells are considered, the length constant of these cells is expected to increase immediately after onset of a light stimulus, and then to partially recover towards a steady state. This is qualitatively similar to the time-dependent changes that we (Fig. 3) and others found for the length constant of L-type horizontal cells. If the only time-dependent changes in the resistances of the horizontal cell syncytium occur in the synaptic membrane, then a one-to-one relationship is expected between the length constant and membrane potential. If all other resistances are constant, a given level of conductance of the synaptic membrane determines unique values of membrane potential and length constant. When the rate of transmitter release from the cone pedicle increases due to cone light adaptation and0or activation of the negative feedback pathways, the synaptic conductance increases leading to a propor- tional change in both the length constant and the membrane potential. Similar effects are expected if the affinity between glutamate and its receptors on the horizontal cell membrane increases. Under these conditions, the length constant is expected to change with time as shown in Fig. 5 and to be related to the membrane potential in a one-to-one manner. This was not the case. For a given membrane potential, the length constant assumed two different values if measured during the time course of a single photoresponse or multiple values if all stimuli were considered (Fig. 7) .
The above discrepancy can be bridged if the membrane potential lags behind the resistance change due to membrane capacitance . In this case, the effect of a change in membrane resistance upon the length constant is immediate, while its effect on membrane potential is delayed. A simple simulation procedure indicated that when a membrane time constant was introduced, the relationship between the length constant and membrane potential followed an ellipse-like curve in which two different values of the length constant were obtained for the same membrane potential depending upon time of measurement (Fig. 8) . When simulations for light stimuli of different intensities were done, multiple values of the length constant were obtained for a given membrane potential (Fig. 8) . However, the ellipse-like curves that were obtained by these simulations (Fig. 8) developed in a counter clockwise direction unlike the experimental curves (Fig. 7 ) that developed in a clockwise fashion. Furthermore, the simulated length constant was directly related to the membrane potential during the plateau phase of the photoresponses unlike the experimental findings showing an inverse relationship (Fig. 6 ). This analysis indicates that intensity-and time-dependent changes in the resistance of the synaptic membrane of horizontal cells coupled with a membrane time constant for these cells cannot explain the dynamic changes in the receptive-field size (length constant) that were found here.
Another resistance that contributes to the horizontal cell receptive field is the coupling resistance between cells. A timedependent decrease in the coupling resistance will cause a decrease in the length constant at later stages of the photoresponse. Dopamine was used to test this possibility assuming that it sufficiently reduced the conductance of the gap junctions between horizontal cells and thus, eliminated any time-dependent changes in the coupling resistance. Dopamine significantly reduced the length constant for any given time after stimulus onset and for any given light intensity used. However, dopamine did not eliminate or even reduced the time-dependent changes in the length constant during the time course of the photoresponses (Figs. 9 & 10) . The magnitude to which the length constant decreased from its peak value to the plateau value was similar during dopamine superfusion and during normal conditions (Fig. 9) . The ellipse-like curves relating the length constant to response amplitude during different light stimuli were not affected in their shape by dopamine (Fig. 10) . Therefore, we concluded that the coupling resistance played a minor role in the time-dependent changes of the length constant that were shown here. It should be noted that other agents may affect the coupling resistance, for example, nitric oxide (Miyachi et al., 1990; Pottek et al., 1997) and retinoic acid (Pottek & Weiler, 2000) . Therefore, it is possible that our treatment with dopamine did not reduce the coupling resistance to its minimal value.
The third resistance that contributes to the horizontal cell receptive field is that of the nonsynaptic membrane. This resistance depends upon voltage-and time-dependent ionic conductances that are activated during light-induced membrane hyperpolarization (Trifonov et al., 1974; Werblin, 1975; Byzov et al., 1977) . If these channels are characterized by hyperpolarized reversal potentials, then their activation will decrease membrane resistance causing a decrease in the length constant without significantly affecting the membrane potential. Thus, different values for the length constant can be obtained for the same membrane potential. This suggestion also explains the decrease in the length constant that was seen after stimulus offset (Fig. 5C) . Just prior to stimulus offset, the membrane resistance is low due to the activation of voltage-and time-dependent ionic conductances that overcomes the resistance increase in the synaptic region. When the light stimulus is turned off, the rate of glutamate release increases thereby, opening the AMPA0KA (a-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid0kainic acid) channels and causing further decrease in membrane resistance, and thus in the length constant. As the voltageand time-dependent ionic conductances start to close, the length constant returns to its baseline level.
Several voltage-and time-dependent ionic conductances have been described in isolated retinal horizontal cells (Lasater, 1986; Malchow et al., 1990; Golard et al., 1992) . These include a regenerative sodium current, the potassium inward rectifier, potassium delayed rectifier and transient outward potassium current, and several calcium currents. None of these can account for the expected changes in the resistance of the nonsynaptic membrane during illumination. The regenerative sodium current and the transient outward potassium current are activated only upon depolarization from a hyperpolarized potential. The potassium inward rectifier opens only at potentials more hyperpolarized than the potassium equilibrium potential. The delayed rectifier opens at potential more depolarized than the resting dark potential. The calcium currents are too small and are activated at potentials close to the dark potential. Thus, other ionic conductances must be considered.
One possibility is a potassium inward rectifier that is sodium dependent, and is therefore characterized by a reversal potential that is more depolarized than the potassium equilibrium potential (Pfeiffer-Linn et al., 1995) . Alternatively, mixed potassiumsodium inward rectifying channels~I h !, similar to those found in photoreceptors (Hestrin, 1987; Barnes & Hille, 1989) and bipolar cells (Kaneko & Tachibana, 1985) , may exist. These channels are characterized by a reversal potential between the dark potential and potassium equilibrium potential, and therefore, when they are activated by membrane hyperpolarization, the membrane resistance decreases but membrane potential does not change. A third possibility is voltage-and time-dependent chloride channels (Wilson & Gleason, 1991) . These channels are characterized by halfactivation at Ϫ50 mV (range of Ϫ30 to Ϫ80 mV) and time constant for activation ranging from 150 ms to 40 ms depending upon membrane potential. The existence of these and other types of ionic conductances and their contribution to membrane resistance and membrane potential during changes in the level of illumination need to be studied in order to test the above hypothesis.
In every retina studied, the L-type horizontal cells were characterized by glutamate-gated channels, voltage-and time-dependent ionic conductances, and gap junction channels. Thus, L-type horizontal cells in every retina are probably characterized by dynamic spatial properties that depend upon light intensity and time. The properties of the different biophysical mechanisms (magnitude, rate of activation, reversal potential, etc.), their time course of development, membrane time constant, rate of glutamate removal from the synaptic cleft, and other factors will affect the relative contributions of the different resistances (synaptic, nonsynaptic,
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O. Bornstein et al. and coupling) to the length constant. Therefore, different relationships between the length constant and membrane potential can be obtained as was found in two species of turtles: Pseudemys scripta elegans and Mauremys caspica (Fig. 2) . In the former, the synaptic resistance dominates at the time of peak response while in the latter the nonsynaptic resistance becomes the dominant one for bright light stimuli (large photoresponses). The functional implications of the observations reported here and in previous studies (Detwiler et al., 1980; Byzov & ShuraBura, 1983; Lankheet et al., 1990; Kamermans et al., 1996) needs to be revealed. However, since the receptive-field properties of the horizontal cells shape the surround response of bipolar cells and ganglion cells (Vigh & Witkovsky, 1999) , the dynamic changes in the horizontal cells' syncytium are expected to be expressed in information processing by the retina. For instance, the sensitivity to light of bipolar cells to central field illumination depends upon the sensitivity of the photoreceptors and horizontal cells and upon their receptive fields. With all parameters kept constant, an increase in the diameters of the horizontal cells' receptive fields will cause the photoresponses of these cells to small spot stimuli to reduce in size due to more shunting. Under these conditions, the antagonistic effect of horizontal cells will be reduced and the sensitivity of the bipolar cells will increase. The opposite will happen when the diameter of the horizontal cells receptive field decreases. Thus, changes in the spatial properties of horizontal cells during changes in ambient illumination will be expressed in the sensitivity to light of the bipolar cells, and therefore of the entire visual system.
